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Objectives

e Join advanced materials such as ceramics, cermets, intermetallics, composites, and biomaterials by plastic de-

formation.
e Collaborate with industry and universities to produce sensors.

e  Characterize the interfaces.

Approach

e Apply a modest compressive load to two pieces of similar or dissimilar materials that have had little surface
preparation in the temperature region where the materials are known to deform by grain-boundary sliding.

e Examine interfaces by scanning electron microscopy (SEM).

e  Measure residual stresses after joining dissimilar materials and compare with finite element analysis.

e  Measure strength of the interface by 4-point bend tests.

e  Characterize electrical properties of sensors.

Accomplishments

e  Made strong, pore-free joints with various ceramics, cermets, intermetallics, composites, and more recently,
biomaterials, with and without various interlayers. Fracture occurs away from the interface.

e Achieved joint strength equal to that of the monolithic.

e Filed patent disclosure for producing oxygen sensor.
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Future Direction
e Join intermetallics to ceramics.

e Join biomaterials.

High Strength Weight Reduction Materials

e Use functionally graded materials to distribute and reduce interfacial stress concentrations.

e Measure in-situ grain rotation during deformation or joining using the Advanced Photon Source, pending fund-

ing.

Introduction

Joining by plastic deformation has been suc-
cessfully applied in this program to various ad-
vanced ceramics: yttria-stabilized zirconia
(YSZ)/alumina composites, mullite, silicon car-
bide and titanium carbide whiskers in a zirconia-
toughened alumina (ZTA) matrix, metal-matrix
composites and even an electronic ceramic,

Lag g5S19 1sMnOs ' Techniques have been devel-
oped to minimize sample preparation procedures
and the temperature at which the joining takes
place. Among them, a spray application technique”
or use of nanocrystalline powders or dense inter-
layers stand out.® A patent application is pend-
ing. More recently, we have formed pore-free
joints in NizAl.

Although it is clear that joining by plastic de-
formation has few, if any, serious deficiencies for
joining similar materials, some issues remain to be
addressed when dissimilar materials are to be
joined. The situation is different because of the
residual stresses generated upon cooling after ma-
terials with different coefficients of thermal ex-
pansion (CTEs) are joined at the high temperatures
required. The thermal residual-stress distribution
has been characterized in YSZ-alumina compos-
ites by finite element analysis (FEA) simulation
and later compared with experimental observation
from Vickers indentation measurements.'

During FY 2004, we completed the 4-point
bend tests on joined pieces of the same and differ-
ent compositions of YSZ/alumina ceramics that
were discussed in the annual report for FY 2003.
Fracture mechanics principles, in conjunction with
fractographic analysis, are used to explain
strengths of joined ceramics in the presence of
residual stresses. We have also characterized the
high-temperature mechanical properties of hy-
droyapatite and successfully produced pore-free
joints. Collaboration with Ohio State University

78

has resulted in a patent application for an oxygen
sensor with a built-in reference.

Summary of 4-Point Bend Tests

Table 1 is a reproduction from the FY 2003
annual report showing the fracture stress of the
various monoliths of YSZ/alumina and of the
ZT50A/ZT50A joint. The designation is YSZ con-
taining 50% alumina.

Table 1. Flexure data for monolithic ceramics.
Al,0O5 and ZTA from literature

Material Strength (MPa)
Al 04 300

ZT80A 560 £ 70
ZT60A 580 £ 80
ZT50A 650 + 100
ZT20A 1020 + 150
YSZ 1030
ZT50A/ZT50A 620 + 100

The ZT50A/ZT50A joint fractured, on the av-
erage, about 2+1.5 mm from the interface, clearly
indicating the strong nature of the joint.

Table 2 presents the results of the flexure test
data for dissimilar jointed materials.”®

Table 2. Flexure data for dissimilarly joined ceramics

Joint Strength Distance—
(MPa) fracture to inter-
face (um)
ZT50A/ZT50A 620+ 100 195041540
ZT60A/ZT40A 365+ 135 335+ 150
AT60A/ZT40A 500 + 50 690 £ 110
ZT60A/ZTOA 440 + 80 380 + 1008

FEA was conducted to determine the effect of
residual stresses generated during joining of dis-
similar materials on the mechanical behaviour of
joined samples. Figure 1 shows the distribution of
normal residual stresses generated as ZT60A
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joined to ZT20A cools from the joining tempera-
ture.! A high tensile stress (~250 MPa) perpen-
dicular to the joint interface develops in the
material with a lower CTE. In our case, this mate-
rial corresponds to the composite with a lower
YSZ volume fraction (ZT60A), because the CTE
of the alumina is considerably lower than that of
YSZ." Also, the location of peak residual tensile
stress normal to the interface is 150200 pm away
from the physical interface in the ZT60A compos-
ite. Moreover, normal stresses parallel to the inter-
face are compressive in the material with lower
CTE (ZT60A) and tensile for the material with
higher CTE (ZT20A). This high tensile residual
stress perpendicular to the interface has an impor-
tant effect on mechanical performance of the
joined dissimilar materials during flexure tests.
Similar simulations were also conducted for
ZT60A/ZTA0A and ZT60A/ZTOA joined samples.
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Figure 1. Distribution of residual normal stresses per
FEA simulation for a ZT20A/ZT60A joint.

In addition to the normal stresses, shear
stresses are also generated, and their variation for
ZT60A/ZTOA joined samples determined by FEA
is shown in Figure 2. Shear stresses are developed
close to the interface; they fall off rapidly within a
short distance from the interface. The magnitude
of shear stresses is small compared with the nor-
mal tensile stresses. Thus it is expected that failure
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Figure 2. Distribution of residual surface shear stresses
per FEA simulation for a ZT20A/ZT60A joint.

will be controlled by the normal tensile stresses of
these joined samples.

Several key inferences can be drawn from the
results of dissimilar joined samples. First, all sam-
ples failed in the ZT60A portion, the lower-
strength material with tensile stresses normal to
the interface. Second, for ZT60A joined to ZT20A
and ZTOA, the strength of joined samples de-
creased as the difference in composition between
the parts joined or the CTE mismatch increased.
For the experiment in which there was the largest
difference in composition (YSZ joined to ZT60A),
flexure strength decreased by 25% compared with
the strength of monolithic ZT60A. However,
strengths for ZT60A/ZT40A joined samples
showed lower mean strength and large scatter
compared with joined samples of ZT60A/ZT20A
and ZT60A/ZTOA. Reasons for this will be dis-
cussed. Third, for all the dissimilar joints, failure
was found to be away from the interface, again
confirming the strong interface and efficacy of the
joining process for materials with dissimilar com-
positions and CTEs.

The decreased strength of ZT60A when joined
to compositions with a lower volume fraction of
alumina, compared with the strength of ZT60A,
can be attributed to the presence of tensile residual
stresses and the location and size of the failure-
causing flaw. It is expected that the reduction in
strength in the joined sample will depend on the
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region of near-maximum tensile residual stresses.
In this regard, the distance from the interface at
which fracture occurred is especially revealing.
For the ZT60A/ZT20A joint sample, the average
failure location is about 700 pm away from the
interface in the ZT60A section (Table 2). This cor-
responds to about 100 MPa tensile residual stress
as per FEA simulations, as shown in Figure 1. By
simple superposition of the residual stress intensi-
ties on the applied stress intensity during flexure
tests, the failure strength for ZT60A should be
reduced by 100 MPa. This is in agreement with
the reduction of approximately 80 MPa in flexural
strength of ZT60A when joined to ZT20A. Similar
correlations between residual tensile stresses and
flexural strength for ZT60A/ZTOA have been
made.

Strengths of ZT60A/ZT40A were somewhat
lower and were 201, 360, and 530 MPa for the
three joined samples tested. Close inspections of
the fracture sites were made for all samples. The
lower strengths of 360 and 201 MPa observed for
the two samples is believed to be due to the pres-
ence of larger flaws. To confirm this, fractography
was conducted on the two low-strength samples.
SEM photomicrographs revealed surface damage
on the tensile surfaces in the two low-strength
samples. It is speculated that this damage was in-
troduced during the sample preparation steps or
handling. Typical lengths of this damage were 70—
90 um. Using a nominal crack length of 80 um,
apparent toughness of 3.6 MPam'” for ZT60A,
and fundamental fracture mechanics,’ the fracture
strength was calculated to be approximately 350
MPa. This calculated fracture strength is consis-
tent with the measured strength for the low-
strength ZT60A/ZT40A sample. Thus, in addition
to the residual stresses, the size and distribution of
failure-causing flaws in the ceramic materials will
control the strength of the joint. This also explains
why failure location in the joined samples does not
necessarily coincide with the peak tensile residual
stresses.

Design and Fabrication of Air- Refer-
ence Free Potentiometric Planar

A realistic miniaturization of a high-
temperature, potentiometric planar oxygen sensor
is possible by replacing the open-air reference col-
umn in current sensors with a metal/metal oxide
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Rhines pack at high temperatures. Gas-tight seal-
ing of the internal reference oxygen pressure was a
problem, but eventually perfect seals were ob-
tained by joining the edges of the ceramic compo-
nents by plastic deformation. This design, free of
external reference,enables position flexibility and
mobility of the sensor inside all combustion units.
This report will detail the work that was per-
formed in conjunction with a team from Ohio
State University after it contacted ANL and de-
tailed the sealing problems they were encountering
using more conventional methods.

The main components for the sensor fabrica-
tion are made of yttria-doped tetragonal zirconia
polycrystalline (YTZP) ceramics, pellets, a ring,
and green tapes. One YTZP pellet is partly cov-
ered with platinum ink, and a small-gauge plati-
num (Pt) wire is placed within intimate contact of
the Pt ink in order to create a reference electrode.
This electrode ink on the pellet (electrolyte) is
fired at 1000°C in order to cure the electrode ink.
The Pt wire is slipped between two rings of TYZP
green tapes, and the pellet is placed wire-down
onto the other fabrication components as shown in
Figure 3. The components are joined together in a
two-step process. The first joining step produces a
cylinder, after which Ni/NiO powder is inserted
into the cylinder and lightly compacted. Finally,
the tapes and electrodes with the Pt wire are joined
to the filled cylinder. Joining was readily achieved
at 1200°C in an argon atmosphere using a nominal

strain rate of 4 x 107 s,

Pt electrodes

Y-TZP electrolyte , Y.TZP
Y-TZR Ni-NiO mix
ring
Y-TZP base

Figure 3. Ceramic components and stacking of the in-
ternal reference planar oxygen sensor.

An SEM micrograph of the top joint (with
tapes) is shown in Figure 4. The sharply delineated
edges of the joint shown in the low-magnification
micrograph are the result of a slight offset between



High Strength Weight Reduction Materials

Y-TZP electrolyte

Tape, *
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Figure 4. Top joint microstructure (with tapes).

the top disk, the green tapes, and the cylinder.
However, it can be seen that the joint contains
only a very limited amount of porosity that was
present in the initial materials.

The electromotive force (EMF) as a function
of oxygen partial pressure at 600°C is shown in
Figure 5. These tests, performed as a function of
time, indicate that the joints are indeed gas tight.

Summary of Sensor Production

The plastic joining technique works and pro-
duces gas-tight seals. The sensor is viable and has
the required sensitivity and response time. How-
ever, the EMF does not agree with the theoretical
calculated EMF. This is most likely because the
Ni/NiO was reduced by joining at 1200°C in an
argon atmosphere. In the coming fiscal year, ex-
periments will be performed to produce sensors
joined in air or even in pure oxygen. Furthermore,
several candidate reference materials under con-
sideration may yield higher sensitivities. This
work will form part of the Ph.D. thesis of John
Spirig.

Joining of Hydroxyapatite

Hydroxyapatite (HA) is a very common bio-
material that is generally used as a coating over a
non-biocompatible material for implants such as
teeth. Of course, coatings can be inexpensively
applied using a number of different techniques.
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Figure 5. Oxygen sensing response at 600 °C of the
fabricated sensor. Sensor has been gas-tight for several
months.

However, producing complex shapes by these
techniques is difficult. Joining by plastic deforma-
tion presents a new possibility for production of
complex pieces of HA. Therefore, the first phase
of this work was to determine the conditions under
which HA exhibits plasticity.

HA was obtained from Professor Eldon Case
of Michigan State University. The material was >
98% of theoretical density and had a bimodal
grain size distribution with the largest grains being
~ 5 um and the smallest =~ 1 um. Figure 6 indicates
that HA deforms into nearly a steady-state stress
between 2.0 and 2.5 MPa at 1275°C at a strain rate
of 107 7', Strains of over 0.08 were achieved
without fracture.
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Figure 6. Stress—strain data obtained from hydroxyapa-
tite at 1275°C at a strain rate of 107 s
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Two pieces of HA were placed in the Instron and
compressed to about 8% strain at 1275°C using a
strain rate of 107 s, The pore—free joint that was
produced is shown in Figure 7. The joint is indis-
tinguishable from the matrix. It is also noteworthy
that the microstructure was unchanged. The next
step will be to determine the temperature, strain,
and strain rate region over which joining by plastic
deformation is possible.

Y-TZP electrolyte

Tape, " -

Y-TZP tapes &

4 Y-TZP ring : life
p——————1 1mm | — W T T

Figure 7. Joint in hydroxapatite produced at 1275°C at
a strain rate of 10 s™'. Arrows indicate the interface
between the two joined pieces.

Conclusions

We have shown that we can form pore-free,
very strong joints in a wide variety of important
materials by plasticity. Previously we have re-
ported on joining structural and electronic ceram-
ics, metal-matrix composites, Ni3Al, whisker-
reinforced ceramics, and cermets. Previous work
has shown that experimental determinations of the
residual stress agree with calculated values. Little
surface preparation and modest temperatures are
required for deformation joining. Those factors
make the process attractive for commercialization.
Using the alumina/ zirconia system as a model
material, we have shown that the fracture of a
joined bar of the same composition has the same
strength as the matrix. The fracture of a joined 4-
pt bend bar of dissimilar compositions does not
fracture at the interface, but at a position near the
maximum residual tensile stress.
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We have continued to expand the materials
that can be joined by plastic deformation. In this
fiscal year, we have studied high-temperature de-
formation and joined a biomaterial, HA. We have
applied the technique to a practical problem, pro-
ducing a gas-tight oxygen sensor.

Future work will concentrate on joining dis-
similar materials, such as intermetallics, to ceram-
ics. We also plan to join optical materials and
assess the quality of the join using optical trans-
mission. Preliminary feasibility studies to perform
an in-situ deformation study of grain rotation are
under way. We are investigating the deformation
characteristics of several possible candidate mate-
rials with a view of choosing one that has suitable
X-ray transmission properties, but that deforms
into steady state at modest temperatures by grain
boundary sliding. Preliminary designs of a furnace
and deformation apparatus will be considered in
FY 2005, pending funding.
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